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We consider a quintessence field which transitions from a matter-like to a cosmological constant
behavior between recombination and the present time. We aim at easing the tension in the mea-
surement of the present Hubble rate, and we assess the ΛCDM model properly enlarged to include
our quintessence field against cosmological observations. The model does not address the scope
we proposed. This result allows us to exclude a class of quintessential models as a solution to the
tension in the Hubble constant measurements.
I. INTRODUCTION
The nature of dark matter and dark energy remains a
completely open question. While we do not lack theoret-
ically well-motivated dark matter models, this is not the
case for dark energy. The most minimal solution, a cos-
mological constant, remains the most appealing possibil-
ity although its very small size is difficult to understand
from a purely theoretical perspective. In the context of
a fundamental theory of quantum gravity, such as string
theory, there are also deep conceptual problems related
with the cosmological horizon in an accelerating cosmol-
ogy. In particular, one of the main issues with string the-
ory is its preference for Anti de Sitter (AdS) vacua, which
is in sharp contrast with the observational evidence for a
positive cosmological constant. Although some solutions
with long lived metastable vacua have been proposed [1],
this has recently raised the problem that it is difficult
to write self-consistent models of quantum gravity that
live in the landscape of the string theory instead of the
swampland [2–4].
A way to circumvent such problem is to consider a
time-varying dark energy modeled by a slowly rolling
quintessence field. However, the simplest quintessence
scenarios, a massive scalar field φ, requires the field to
be extremely light, mφ <∼ 10−33 eV, thus raising questions
about the stability of such a potential. One possibility
that moves in this direction relies on an “ultra-light” ax-
ion arising within the context of string theory, in the
so-called axiverse [5–9]. In Ref. [10] yet another possibil-
ity was considered in which the time-dependence of the
dark energy component is granted by the expansion in
an extra dimension.
In this paper we investigate whether a quintessence
field with a rapidly varying transition in the equation
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of state might alleviate the 4.4σ tension between local
measurements of the Hubble constant [11] and the value
obtained using the CMB [12] in a ΛCDM scenario. This
turns out to be surprisingly difficult. We consider a scalar
field φ whose equation of state tracks the evolution of cold
matter around recombination, transitioning to a generic
equation of state wφ0 at a later time, thus providing a
late time “boost” to the expansion, as allowed by the lo-
cal measurements of H0 and BAO data [13]. We find that
there is hardly any effect on the discrepancy between the
different measurements of the Hubble constant. Our re-
sults suggest, in line with earlier work on the subject [14–
19], that the resolution to the problem needs to be found
in the early Universe, possibly through a modified sound
horizon at recombination.
One example of an explicit realization of this dark mat-
ter to dark energy transition is to consider that the mas-
sive field φ contains metastable minima at the bottom of
its potential. These minima could naturally come from
higher harmonic corrections, other instanton contribu-
tions or simply thermal effects [20–25]. The field initially
oscillates in its potential, behaving as a matter fluid with
equation of state wφ ' 0. When the amplitude of the os-
cillations becomes comparable to the size of the barriers,
the field gets trapped in one of those minima and starts
acting as a dark energy fluid with wφ ' −1, until it
eventually jumps/tunnels to the next minima. This is
an entertaining possibility with peculiar predictions such
as bubble formation or enhanced dark energy perturba-
tions, which might be detectable in future dark energy
surveys [12].
This work is organized as follows. In Sec. II we pro-
vide the details for the phenomenological model that is
later considered in the data analysis, and we describe an
explicit realization of such a phenomenological descrip-
tion in a particle physics model. In Sec. III we provide
the relevant equations for the background and perturba-
tions used in the numerical analysis, which is described
in Sec. IV along with the datasets used and the parame-
ter space explored. Results are presented in Sec. V. We
conclude with the final remarks in Sec. VI.
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2II. THE MODEL
A. Modelling the quintessence phenomenology
We consider a scenario in which the equation of state of
a quintessential field transitions from being matter-like,
tracking the evolution of cold dark matter, to that of a
fluid with present equation of state wφ0. The simplest
parametrisation of such a behavior is depicted by the fol-
lowing evolution of the energy density in the quintessence
field
ρφ(a)=ρφ,0
(
a
a∗
)−3[
Θ (a− a∗)
(
a
a∗
)−3wφ0
+Θ (a∗−a)
]
,
(1)
where ρφ,0 is the value of ρφ at present time and we
assumed an instantaneous freezing of the oscillations of
the field φ at the time of the transition, where the scale
factor is a∗.
Instead of the parametrisation in Eq. (1), we model a
smoother transition by considering the effective equation
of state
wφeff(a) = wφ0
[
1 +
(
a
a∗
)−2∆]−1
, (2)
where the scale factor a∗ controls the time of the tran-
sition and ∆ defines its duration, so that a shorter ∆
corresponds to a shorter transition period. Integrating
the non-interacting continuity equation for ρφ with the
effective equation of state in Eq. (2) gives
ρφ ∝ a−3
(
a20 + a
2
∗
a2 + a2∗
) 3wφ0
2
, (3)
where a0 is the scale factor today. The expression in
Eq. (3) shows the correct behaviour ρφ ∝ a−3 for a a∗
and a−3(1+wφ0) for a a∗.
In this work, we assess the validity of the quintessence
model described by the equation of state in Eq. (2)
against various datasets, as we discuss in depth in Sec. IV
below. The same set of equations has been used for other
works in which the interaction between the dark matter
and the dark energy is constrained [26], as well as in
models of “Early Dark Energy” [14], dark energy with a
phantom-like equation of state [27, 28], interacting dark
energy [29, 30], or vacuum phase transitions [31, 32].
B. An explicit realization of the model
There are several ways in which the field can get
trapped in a metastable vacua. Here we discuss one pos-
sible implementation of the model where we add an ex-
tra scalar field φ of mass m on top of the content of the
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FIG. 1. The potential V (φ) in units of (mf)2, as a function of
the field configuration in units of the energy scale f . The col-
oring labels the different values of the parameter κ = Λ2/mf
considered.
ΛCDM model. The scalar field Lagrangian is given by
L = −1
2
∂µφ∂
µφ− V (φ) , (4)
V (φ) =
1
2
m2φ2 + Vosc(φ) , (5)
thus enforcing the scalar field to satisfy the Klein-Gordon
equation
φ¨+ 3Hφ˙−∇2φ+m2φ+ ∂Vosc
∂φ
= 0 . (6)
Motivated by the instanton and monodromy correc-
tions to axion-like potentials we consider [20–22]
Vosc(φ) = Λ
4
[
1− cos
(
φ
f
)]
, (7)
where the quantity Λ is a free parameter which controls
the height of the perturbations over the quadratic po-
tential, and f controls the field excursion. We show the
shape of the potential V (φ) in Fig. 1 for different values
of the parameter κ = Λ2/(mf) which is approximately
equal to half the number of metastable minima in the
potential.
The field gets trapped in one of the metastable minima
whenever the mass correction induced by the potential
Vosc(φ) is large [22], i.e.
M2 = (1 + κ2)m2  m2 . (8)
In Fig. 2 we show the numerical evaluation of Eq. 6 for
the homogeneous mode of φ using the potential given in
Eq. 7. We fixed initial conditions such that φ(ti) = φ0
and φ˙(ti) = −mφ0 and used κ ∈ {5, 10, 20}. The evolu-
tion of the energy density of the quintessence field shows a
transition at a critical time t∗. For t <∼ t∗, the scalar field
oscillates in the quadratic part of the potential, behaving
as a massive scalar field with ρφ ∝ a−3. At this stage,
the effective equation of state for the quintessential com-
ponent is wφ ≈ 0 when averaged over many oscillations.
For t >∼ t∗, the oscillatory corrections to the potential
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FIG. 2. Time evolution of the absolute value of φ(t)/f as a
function of t/t∗, for different values of κ. The dashed lines
show the values of Λ2/m for each value of κ considered. The
dotted line is a fit to a matter-like behavior, for which φ ∝
a−3/2.
become important and the field becomes trapped in one
of the metastable minima behaving from then on as a
cosmological constant with wφ ' −1.
Let us now investigate the range of parameters where
this transition from dark matter to dark energy is ef-
ficient. The typical energy of the metastable vacua is
ρ ∼ Λ4. Therefore, in order for the field to be a
significant component of the present dark energy den-
sity Λ4 ∼ (0.1 meV)4. The condition κ  1 trans-
lates into
√
mf  0.1 meV. For example, for a scalar
field which begins oscillating at matter-radiation equal-
ity, m ∼ Heq ∼ 10−28 eV, the previous condition requires
f  1011 GeV. More massive fields would require even
smaller energy scales f .
A second important constraint on this class of mod-
els arises from considering the tunneling of the φ field
through the potential barrier. In fact, if the field is able
to tunnel or jump the barrier, for example due to the in-
herent quantum fluctuations, it would generate a bubble
of a lower energy vacuum. If the tunneling rate is large,
Γtunneling  H, bubbles would collide and end preco-
ciously the dark energy stage which we have assumed.
In Appendix A we estimate the tunneling rates and find
that if the field inherits an adiabatic spectrum of per-
turbations from inflation then the Hubble rate at the
transition, H∗, needs to satisfy
H∗
Heq
>∼ 7× 10−4
(
M
Heq
)3/5
, (9)
in order for the field not to tunnel before the present
time.
In the data analysis discussed in Sec. IV below, we
have not implemented the constraint in Eq. (9) since it is
associated with this particular realization of the model.
III. BACKGROUND AND PERTURBATIONS
In this section we provide the basic equations describ-
ing the evolution of both the background and the pertur-
bations of the components that determine the expansion
rate of the universe.
A. Background
We work in the homogeneous, isotropic, and flat
Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) metric
with line element
ds2 = −dt2 + a2(t)dx2, (10)
where t measures the cosmic time, x is the vector of spa-
tial coordinates, and a(t) is the scale factor. The Hub-
ble rate is defined as H = a˙/a, where a dot indicates a
derivation with respect to cosmic time. In this metric,
the Friedmann equations for a homogeneous and isotropic
universe read
H2 ≡
(
a˙
a
)2
=
ρ
3M2PL
=
1
3M2PL
∑
i
ρi, (11)
H˙ = − 1
2M2PL
∑
i
(1 + wi) ρi, (12)
where MPL = (8piGN )
−1/2
is the reduced Planck mass
given in terms of Newton’s constant GN . In the fluid
description, we consider the energy density ρi of the i-th
component, with the index i running over the set
i ∈ S = {b, c, R,Λ, φ}, (13)
corresponding to baryons (b), dark matter (c), radiation
(R), cosmological constant (Λ), and the quintessence field
(φ). Each component of the energy density satisfies the
non-interacting continuity equation
ρ˙i + 3H(pi + ρi) = 0, (14)
with pressure pi and equation of state wi = pi/ρi. We
have assumed that from the period at which recombina-
tion occurs until present time, the different components
have contributed to the expansion rate of the universe
with wb = wc = 0 for matter, wR = 1/3 for radiation,
wΛ = −1 for the cosmological constant. In general, the
equation of state for the quintessence field reads
wφ =
pφ
ρφ
=
1
2 φ˙
2 − V (φ)
1
2 φ˙
2 + V (φ)
, (15)
so that it evolves with time within the range wφ ∈
[−1, 1]. In the numerical analysis, we effectively describe
the equation of state for the quintessence fluid through
Eq. (2), setting wφ = wφeff(a). The pressure and the en-
ergy density in the quintessence field are respectively the
4numerator and the denominator in Eq. (15). The sum of
all continuity equations can be rephrased to express the
conservation law for the total energy density ρ ≡
∑
i
ρi,
as
ρ˙ = −3H(1 + weff)ρ , (16)
weff ≡
∑
i wiρi∑
i ρi
. (17)
For future convenience, we define the fractional energy
density contribution for each fluid at present time Ωi ≡
ρi/ρcrit, in units of the present critical energy density
ρcrit = 3M
2
PLH
2
0 . We also define the rescaled Hubble
rate h = H0/100 km s
−1 Mpc−1.
In Fig. 3 we plot the energy density in the quintessence
field (black solid line), matter (blue dashed line) and radi-
ation (red dotted line) as a function of the scale factor a.
We have set to zero the cosmological constant ΩΛ = 0,
and fixed the present contribution of the quintessence
field to the total energy budget to Ωφ = 0.7. We have
also set ΩR = 5 × 10−5, while the content in matter
today is ΩM ≡ Ωb + Ωc = 1 − Ωφ − ΩR − ΩΛ. The
energy density in the quintessence field in Fig. 3 is de-
scribed by Eq. (3) in which, for illustrative purpose, we
have set ∆ = 0.5, a∗ = 10−1, and wφ0 = −1, so that
the quintessence field tracks the dark matter behaviour
from recombination upon transitioning to a behavior like
that of a cosmological constant around the scale factor
a∗. The black line describing the quintessence field mim-
ics the behaviour of the particle physics model shown in
Fig. 2 as the solution to the Klein-Gordon Eq. (6).
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FIG. 3. Evolution of the energy density in the quintessence
field (black solid line), radiation (red dotted line), and mat-
ter (blue dashed line), as a function of the scale factor a.
The quintessence field is described by the equation of state in
Eq. (2) with ∆ = 0.5, a∗ = 10
−1, and wφ0 = −1, see the text
for additional detail. For each species i, the corresponding
energy density ρi is measured in units of the present critical
density ρcrit = 3M
2
PLH
2
0 .
B. Perturbations
The linear perturbations in the quintessence field
evolve according to the perturbed Klein-Gordon Eq. (6).
We consider the fluid counterpart of the Klein-Gordon
equation by averaging over the field oscillations, since the
oscillations of the scalar field occur on a much shorter
timescale than a Hubble time [33]. Here, the expres-
sions describing perturbations are expressed in the syn-
chronous gauge [34–36], in which the perturbations over
the FLRW metric in Eq. (10) depend on the tensor hij
in the conformal time τ as
ds2 = a2(τ)
[−dτ2 + (δij + hij) dxidxj] . (18)
In the synchronous gauge, the equations governing the
evolution of density and bulk velocity perturbations in
the quintessence field can be written in terms of fluid
variables as [37]
δ′φ = −3H
(
c2s,φ − wφ
)
δφ − 9H2
(
c2s,φ − c2a,φ
) θφ
k2
−
−θφ − 3(1 + wφ)h′, (19)
θ′φ = −
(
1− 3 (c2s,φ − c2a,φ + wφ))Hθφ + c2s,φk2δφ,(20)
where a prime indicates a derivative with respect to con-
formal time τ , with H ≡ a′/a. For the quintessence
model we implemented the effective sound speed c2s,φ ≡
∂pφ/∂ρφ which might differ from one. We have also de-
fined the adiabatic sound speed, which depends only on
background quantities, as
c2a,φ ≡
p′φ
ρ′φ
= wφ −
w′φ
3H (1 + wφ) , (21)
while we defined θφ = (1 + wφ)kvφ, in terms of the bulk
velocity vφ.
We have included the effects arising from the interact-
ing fluids [38–44] in the synchronous gauge. The momen-
tum transfer is zero in the rest frame of the dark mat-
ter component. We adopt adiabatic initial conditions for
the quintessence component [40, 41, 45, 46], as well as
for all the other constituents that show up in the set in
Eq. (13) [35]. The evolution of baryons, cold dark mat-
ter, radiation, and neutrinos are accounted for by the
Boltzmann scheme we introduce in Sec. IV.
IV. METHOD
To better address the change in the cosmological anal-
ysis due to the presence of the additional quintessence
field, we have modified the publicly available numeri-
cal Boltzmann solver code CAMB [47] by implementing
the relevant equations for our purpose. We perform
a Monte Carlo Markov Chain (MCMC) analysis using
the August 2018 version of the publicly available pack-
age CosmoMC [48], modified to include the additional pa-
rameters that define the theory, namely the scale fac-
tor a∗, the fraction of the energy density in quintessence
5Parameter Prior
Ωbh
2 [0.005 , 0.1]
Ωch
2 [0.001 , 0.99]
θMC [0.5 , 10]
τ [0.01 , 0.8]
log10(10
10As) [2 , 4]
ns [0.8 , 1.2]
fL [0 , 1]
log(a∗) [−4 , 0]
∆ [0.1 , 1]
wφ0 [−1 , 1]
Σmν [0 , 5]
Neff [0.05 , 10]
TABLE I. Flat priors on the cosmological parameters assumed
in this paper.
field fL = ρφ,0/ρΛ and the duration of the transition ∆.
CosmoMC includes the support for the Planck data release
2015 Likelihood Code [49] (see http://cosmologist.
info/cosmomc/) and implements an efficient sampling
by using the fast/slow parameter decorrelations [50].
As a baseline, we consider a total of seven parameters
varying independently: the six parameters of the stan-
dard ΛCDM model (the baryon Ωbh
2 and cold dark mat-
ter Ωch
2 energy densities, the ratio between the sound
horizon and the angular diameter distance θMC, the
reionization optical depth τ , the amplitude log10(10
10As)
and the scalar spectral index ns of the primordial scalar
spectrum, and log10(a∗)). As a second step, in order to
test the robustness of our assumptions, we add two more
parameters defining the model we are exploring here: fL
and ∆. Finally, we consider some standard extension of
the ΛCDM model like the dark energy equation of state
wφ0 or the neutrino sector parameters, i.e. the total neu-
trino mass Σmν and the neutrino effective number Neff .
In all our cases we also vary the foreground parameters as
described in [49] and [51]. All the parameters considered
in this paper are varying in a range of flat conservative
priors listed in Table I.
The publicly available datasets we analysed in this
work are:
• Planck : the full range of the Cosmic Microwave
Background measurements from Planck 2015,
which include the temperature and polarization
power spectra data [49].
• Lensing: the 2018 Planck measurements of the
CMB lensing potential power spectrum Cφφ` [52].
• BAO: the baryon acoustic oscillations distance
measurements given by the 6dFGS [53], SDSS-
MGS [54], and BOSS DR12 [55] surveys, as adopted
by the Planck collaboration [52].
• DES: the first-year of the Dark Energy Survey lens-
ing cosmic shear measurements [56–58], as imple-
mented by the Planck collaboration in [52].
• Pantheon: the most latest compilation of Super-
novae Type Ia data comprising 1048 data points
[59].
We decided in this work not to use the gaussian prior
on the Hubble constant as measured by SH0ES in [11],
because, as we will see in the next section, the Hubble
constant obtained within this model is always in tension
with SH0ES at more than 3σ.
We can see the qualitative effect of varying the param-
eters of the model (a∗, fL and ∆) on the temperature
and polarization power spectra in Figs. 4, 5 and 6. In
Fig. 4 we observe that by increasing a∗ we have a shift of
the peaks in the damping tail of the temperature spec-
trum and in the polarization spectra towards lower mul-
tipoles, a suppression of the amplitude of the peaks, and
an enhancement of the low-` tail in TT. For values of
a∗ < 10−1 the spectra are almost indistinguishable, so
we don’t show them in the plots. In Fig. 5 we can see
that the effect of fL is very small, while in Fig. 6 we have
that increasing ∆ the main effect is in the suppression of
the low-` tail in TT.
V. RESULTS
We now present the results of our analyses combining
the Planck data with the cosmological probes considered
in this work. We have considered four different analyses,
in which we vary I) a∗ alone, see Table II, II) a∗, ∆,
and fL, see Table III, III) a∗ and wφ0, see Table IV,
and IV) a∗ and wφ0 plus the total neutrino mass Σmν
and the number of relativistic degrees of freedom Neff ,
see Table V. For each table, we show the 68% confidence
level (CL) limits on the cosmological parameters and we
consider different combinations of the datasets used, with
increased level of complexity. Moreover, we display the
2-D contours at 68% CL and 95% CL as well as the 1-
D posterior distributions of some selected parameters in
Figs. 7, 8, 9 and 10.
The first thing that we can notice when looking at
the Table II is that the constraints on the cosmologi-
cal parameters from Planck alone are exactly the ones
obtained considering a ΛCDM model [51]. In fact, the
analysis only leads to an upper limit for the quantity
log10(a∗) that is around a∗ < 10
−1 at 95% CL. This re-
sult can be understood by looking at the effect on the
temperature and polarization power spectra obtained by
varying a∗ and showed in Fig. 4, that are almost indis-
tinguishable for a∗ < 10−1, providing the same fit of the
6Parameters Planck Planck Planck Planck Planck
+BAO +Pantheon +DES + lensing
Ωbh
2 0.02224± 0.00016 0.02230± 0.00014 0.02226± 0.00015 0.02241± 0.00015 0.02225± 0.00015
Ωch
2 0.1199± 0.0014 0.1190± 0.0010 0.1195± 0.0013 0.1173± 0.0012 0.1194± 0.0014
τ 0.078± 0.017 0.083± 0.016 0.081± 0.017 0.075± 0.017 0.067± 0.013
ns 0.9642± 0.0047 0.9668± 0.0040 0.9653± 0.0045 0.9695± 0.0047 0.9648± 0.0045
ln(1010As) 3.092± 0.033 3.100± 0.031 3.095± 0.032 3.079± 0.032 3.068± 0.025
σ8 0.830± 0.013 0.831± 0.013 0.830± 0.013 0.815+0.013−0.012 0.8185± 0.0087
H0[km/s/Mpc] 67.22± 0.64 67.64± 0.47 67.41± 0.60 68.37± 0.56 67.42± 0.62
S8 0.852± 0.018 0.845± 0.016 0.849± 0.017 0.815± 0.014 0.836± 0.013
log10(a∗) < −1.07 < −1.09 < −1.08 < −0.812 < −1.01
TABLE II. Measurements at 68% CL errors on the cosmological parameters using different combinations of the cosmological
datasets considered here, obtained by fixing fL = 1 and ∆ = 0.5. The upper limits of log10(a∗) are instead at 95% CL.
CMB data. Moreover, the new parameter a∗ is not cor-
related with the other cosmological parameters, and in
particular with H0 and S8 ≡ σ8
√
Ωm/0.3, as we can see
in Fig. 7. Therefore, the introduction of a quintessence
model with an effective equation of state parametrized by
Eq. 2 does not help in relieving the well known tensions
between the Planck measures in a ΛCDM scenario and
SH0ES [11] on the Hubble constant, and Planck and the
cosmic shear data KiDS-450 [60–62], DES [56, 57] and
CFHTLenS [63–65] on S8 [66].
The comparison between the different combination of
datasets shows that the constraints on a∗ and on the pa-
rameters of the ΛCDM model are almost the same also
when considering different observables. The most dif-
ferent bounds we have, slightly shifted with respect to
the other cases but always in agreement with them, are
those obtained from Planck + DES. This is true for all
the extended model considered in this work.
Since in the baseline model we fix fL = 1 and ∆ = 0.5,
we tested the robustness of our results by letting free to
vary these two additional parameters of the model. We
can see in Table III the results obtained in this way. Also
in this case we can notice that the constraints on the
cosmological parameters from Planck alone are exactly
the ones obtained considering a ΛCDM model, and the
previous case with fL and ∆ fixed. However, while fL
is completely unconstrained for all the combination of
datasets considered in this work, we find now a constraint
at 68% CL for log10(a∗), thanks to its slight correlation
with ∆, as we can see in Fig. 8. Also in this case, these
new parameters fL and ∆ do not correlate with H0 and
S8, as we can see in Fig. 8, and therefore do not alleviate
the tensions between Planck and the other cosmological
probes.
In order to test the stability of our results, we tested
the addition of a quintessence dark energy equation of
state free to vary. In this case we fixed again fL = 1 and
∆ = 0.5, because they do not add any additional infor-
mation, and these values are perfectly consistent within
one standard deviation with our findings in the previ-
ous case. We can see in Table IV the results obtained
for this extended scenario. In this case we have just
an upper limits for both wφ0 and log10(a∗). However,
because of the strong anti-correlation between wφ0 and
H0, we find a shift of the Hubble constant towards lower
values, increasing the tension with Planck and the local
measurements from SH0ES [11]. Moreover, we have an
indication at one standard deviation for log10(a∗) for the
Planck+DES combination.
As a final step, we investigated the effect of our model
on the parameters of the neutrino sector, in particular the
total neutrino mass Σmν and the number of relativistic
degrees of freedomNeff in Table V. Again, we only find an
upper limit for the quantities wφ0, Σmν and log10(a∗),
while Neff is perfectly in agreement with its standard
value 3.046 [67, 68]. Due to the anti-correlation between
wφ0 and H0 and Σmν and H0, we find a further shift
of the Hubble constant towards lower values, increasing
the tension with Planck and the local measurements [11].
Also in this extended scenario, we notice an indication at
one standard deviation for log10(a∗) for the Planck+DES
combination.
VI. CONCLUSIONS
In this work we have investigated an extension of the
ΛCDM model that includes an additional quintessence
field φ whose equation of state changes during the late-
time evolution of the Universe. We have modelled the
equation of state of the quintessence field to behave as
a matter field around recombination, wφ(arecomb) = 0,
transitioning to a generic equation of state wφ0 at a later
time. In the first part of this work, we have set wφ0 = −1,
so that the quintessence field behaves as a cosmological
constant today, while in the second part, where we con-
sidered extended models, we have let it free to vary. We
7Parameters Planck Planck Planck Planck Planck
+BAO +Pantheon +DES + lensing
Ωbh
2 0.02223± 0.00015 0.02229± 0.00014 0.02226± 0.00015 0.02240± 0.00015 0.02225± 0.00016
Ωch
2 0.1199± 0.0014 0.1190± 0.0011 0.1194± 0.0014 0.1172± 0.0013 0.1194± 0.0014
τ 0.078± 0.017 0.083± 0.017 0.081± 0.017 0.075± 0.017 0.067± 0.014
ns 0.9641± 0.0048 0.9662± 0.0041 0.9654± 0.0046 0.9696± 0.0046 0.9649± 0.0047
ln(1010As) 3.092± 0.033 3.100± 0.033 3.096± 0.033 3.078± 0.032 3.068± 0.026
σ8 0.830± 0.013 0.831± 0.013 0.831± 0.013 0.816± 0.012 0.8188± 0.0091
H0[km/s/Mpc] 67.20± 0.64 67.60± 0.47 67.42± 0.62 68.35± 0.59 67.41± 0.65
S8 0.852± 0.017 0.846± 0.016 0.849± 0.017 0.816± 0.013 0.837± 0.013
fL unconstrained unconstrained unconstrained unconstrained unconstrained
∆ > 0.250 > 0.250 > 0.261 > 0.238 > 0.254
log10(a∗) −2.2+1.3−0.8 2.2+1.3−0.8 2.3+1.3−0.8 −2.06+1.4−0.9 −2.2+1.3−0.8
TABLE III. Measurements at 68% CL errors on the cosmological parameters using different combinations of the cosmological
datasets considered here. The lower limits of ∆ are instead at 95% CL.
Parameters Planck Planck Planck Planck Planck
+BAO +Pantheon +DES + lensing
Ωbh
2 0.02221± 0.00016 0.02234± 0.00014 0.02228± 0.00014 0.02241± 0.00015 0.02223± 0.00016
Ωch
2 0.1201± 0.0015 0.1184± 0.0011 0.1193± 0.0014 0.1173± 0.0012 0.1197± 0.0014
τ 0.080± 0.017 0.086± 0.017 0.082± 0.017 0.075± 0.017 0.071± 0.014
ns 0.9639± 0.0048 0.9680± 0.0042 0.9656± 0.0048 0.9693± 0.0048 0.9644± 0.0047
ln(1010As) 3.096± 0.033 3.104± 0.032 3.097± 0.033 3.079± 0.033 3.077± 0.026
σ8 0.798
+0.034
−0.019 0.821± 0.015 0.825± 0.014 0.818+0.020−0.014 0.789+0.030−0.016
H0[km/s/Mpc] 63.9
+3.3
−1.5 66.86
+0.89
−0.59 66.92
+0.79
−0.69 67.0
+1.6
−0.8 63.9
+3.4
−1.5
S8 0.863± 0.020 0.843± 0.015 0.848± 0.017 0.818± 0.014 0.851+0.016−0.018
wφ0 < −0.709 < −0.912 < −0.945 < −0.872 < −0.707
log10(a∗) < −1.14 < −1.10 < −1.06 −2.1+1.4−1.7 < −1.11
TABLE IV. Measurements at 68% CL errors on the cosmological parameters using different combinations of the cosmological
datasets considered here, considering a free dark energy equation of state. The upper limits of w and log10(a∗) are instead at
95% CL.
have modified the publicly-available code CAMB to per-
form a MCMC analysis and assess the parameter space
for the model, which extends the parameter space of the
ΛCDM model to include the fraction fL of dark energy
today that is in the quintessence field, the scale factor at
which the transition occurs a∗ and the duration of the
transition ∆.
We obtained results for the datasets in two different
setups, as summarized in Table II in which we scan over
the parameter a∗ while fixing fL = 1 and ∆ = 0.5, and
in Table III where we include all three extra parameters
of the model in the minimization. We used flat priors on
the cosmological parameters as illustrated in Table I. As
the results in the tables show, our model does not help in
alleviating the tension that is present in the H0 and S8
parameters. In particular, we find that data constraints
the transition in such dark energy models to happen be-
fore log10(a∗) <∼ −1 and are completely ineffective at
constraining the parameter fL.
Our results further suggest that early time changes
in the cosmological history are more likely to ex-
plain the present tensions between different cosmological
datasets1.
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8Parameters Planck Planck Planck Planck Planck
+BAO +Pantheon +DES + lensing
Ωbh
2 0.02211± 0.00025 0.02237± 0.00020 0.02229± 0.00023 0.02234± 0.00024 0.02205± 0.00026
Ωch
2 0.1193± 0.0031 0.1195± 0.0031 0.1194± 0.0031 0.1170± 0.0029 0.1185± 0.0031
τ 0.081± 0.018 0.087± 0.017 0.083± 0.018 0.075± 0.017 0.077± 0.017
ns 0.9601± 0.0098 0.9699± 0.0082 0.9662± 0.0092 0.9671± 0.0094 0.9579± 0.0098
ln(1010As) 3.094± 0.038 3.108± 0.036 3.100± 0.038 3.078± 0.038 3.085± 0.036
σ8 0.776
+0.049
−0.029 0.827± 0.019 0.824+0.022−0.020 0.720+0.045−0.021 0.758+0.042−0.029
H0 [km/s/Mpc] 62.6
+3.7
−2.5 67.2± 1.3 66.9± 1.5 65.8+2.8−2.0 61.8+3.5−2.7
S8 0.857± 0.022 0.848± 0.017 0.849± 0.018 0.812+0.018−0.015 0.846+0.015−0.018
wφ0 < −0.703 < −0.903 < −0.946 < −0.867 < −0.712
Σmν [eV] < 0.516 < 0.136 < 0.215 < 0.549 < 0.564
Neff 2.97± 0.20 3.11± 0.19 3.06± 0.20 3.01± 0.20 2.92± 0.20
log10(a∗) < −1.16 < −1.11 < −1.08 −2.2+1.4−1.6 < −1.14
TABLE V. Measurements at 68% CL errors on the cosmological parameters using different combinations of the cosmological
datasets considered here, considering free parameters in the neutrino sector. The upper limits of wφ0, Σmν and log10(a∗) are
instead at 95% CL.
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Appendix A: Tunneling probability
Here, we consider the quintessence model presented in
Sec. II B. The field is likely to get trapped in the false
minima if the parameter κ ≡ Λ2/mf  1 [22], which
is a necessary condition for the field to transition to a
cosmological constant behaviour. However, in order for
the quintessence model presented to be a good candidate
for the dark energy observed, we should ensure that the
probability to tunnel to the next minima is small, other-
wise, bubbles of the new vacua would start to form and
collide leading to very different consequences. In this
section we will study these probabilities in more detail
following similar methods to those used in Ref. [69].
In general, there are several channels for the scalar
field to tunnel to the next minima. If the field is held
in the metastable minima thermally, like for example in
Ref. [25], thermal fluctuations need to be taken into ac-
count. The field can also tunnel through the formation
of a Coleman de-Luccia bubble [70] but that has been
shown to be unlikely in this model [24]. The third possi-
bility, is that the sole presence of density perturbations,
generated for example from inflation, can make the field
jump over the barrier. We will focus on this last possi-
bility here.
Classically, the field will stop in a minima after it lost
enough kinetic energy in half period to not overcome the
barrier. However, quantum fluctuations can still allow it
to jump to the other side. Therefore, we should ensure
that the energy lost in half period, ∆ρ, is larger than the
energy fluctuations of the field, i.e. [69]
δρφ(k, t)
∆ρ
 1 . (A1)
In the case of adiabatic density perturbations of in-
flationary origin, because they are conserved on super-
horizon scales, they can be fixed at horizon crossing (hc)
to δρφ(thc)/ρφ =
√
Pζ/3 where Pζ = 2.2 × 10−9 is the
amplitude of the primordial scalar power spectrum [71].
Once inside the horizon, fluctuations grow logarithmi-
cally during radiation domination and linearly during
matter domination, leading to
δρφ(k, t)
ρφ
∼
√
Pζ
3
a(t)
aeq
[
1 + ln
(
k
ahcHeq
)]
(A2)
where we assumed that the mode of interest k ' m has
entered the horizon during radiation domination.
Regarding ∆ρ it can be estimated by noting that ρ ∝
t−2. Then,
∆ρφ
ρφ
∼ 2∆t
t
∼ 3H
M
(A3)
where M is the curvature around the minima which sets
the period of the oscillation. Now, after using that H∗ =
Heq(aeq/a∗)3/2 during matter domination and neglecting
the logarithmic term we find that Eq. A1 requires
H∗
Heq
>∼
(
Pζ
9
)3/10(
M
Heq
)3/5
' 7× 10−4
(
M
Heq
)3/5
.(A4)
This provides a non-trivial constraint on the model. For
example, for κ = 10, requiring m >∼ Heq gives
H∗
Heq
>∼ 3× 10−3 ⇒ a∗ < 0.07 . (A5)
Note, however, that if the density perturbations were not
adiabatic then, given the present constraint on isocurva-
ture perturbations [71], the probability to jump would be
smaller. So we take Eq. A4 as a conservative bound.
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